Cryptococcus neoformans is a major cause of fungal pneumonia, meningitis and disseminated disease in the immune compromised host. Here we have used a clinically relevant model to investigate the genetic determinants of susceptibility to progressive cryptococcal pneumonia in C57BL/6J and CBA/J inbred mice. At 5 weeks after infection, the lung fungal burden was over 1000-fold higher in C57BL/6J compared to CBA/J mice. A genome-wide scan performed on 210 male and 203 female (CBA/J Â C57BL/6J) F2 progeny using lung colony-forming units as a quantitative trait revealed a sex difference in genetic architecture with three loci (designated Cnes1-Cnes3) associated with susceptibility to cryptococcal pneumonia. Single locus analysis identified significant loci on chromosomes 3 (Cnes1) and 17 (Cnes2) with logarithm of the odds (LOD) scores of 4.09 (P ¼ 0.0110) and 7.30 (Po0.0001) that explained 8.9 and 15.9% of the phenotypic variance, respectively, in female CBAB6F2 and one significant locus on chromosome 17 (Cnes3) with a LOD score of 4.04 (P ¼ 0.010) that explained 8.6% of the phenotypic variance in male CBAB6F2 mice. Genome-wide pair-wise analysis revealed significant quantitative trait locus interactions in both the female and male CBAB6F2 progeny that collectively explained 43.8 and 19.5% of phenotypic variance in each sex, respectively.
Introduction
Cryptococcus neoformans is an emerging fungal pathogen with global distribution that has been isolated from various environmental sources such as decaying wood and soil contaminated with pigeon guano (see reviews Chayakulkeeree and Perfect 1 ; Mitchell and Perfect 2 ). Apparently healthy individuals rarely develop lifethreatening cryptococcal infection; however, immunosuppressed hosts are particularly susceptible to cryptococcal pneumonia, meningitis and disseminated disease. The high prevalence of serum antibodies against Cryptococcus regardless of immune, state and the strong epidemiological evidence of latency, suggests that many individuals develop subclinical cryptococcal infection. [3] [4] [5] As most carriers are asymptomatic, it has been proposed that a precarious commensal relationship of the fungus with the host may exist. 6, 7 Very few human populationbased studies have been conducted with regard to host susceptibility to C. neoformans infection. This may, in part, be due to relatively small numbers of infected patients prior to the acquired immunodeficiency syndrome pandemic, or the apparent lack of population or familial clustering of infection. No direct association between human ethnicity and susceptibility of C. neoformans has been clearly demonstrated, although a sex difference has been observed with more male patients developing clinical cryptococcosis. 8 By accurately modeling human infection, inbred mouse strains provide an outstanding opportunity to gain greater insight into the genetic basis of susceptibility to microbial pathogens. [9] [10] [11] Inbred mouse strains exhibit natural variation in host resistance against C. neoformans and several host genetic loci that confer increased susceptibility to murine cryptococcal disease have been reported. [12] [13] [14] [15] [16] For example, the mouse Hc 0 allele on chromosome 2 that encodes a defective form of complement component 5 has been linked with decreased survival following intravenous cryptococcocal challenge. 12 Spontaneous mutation of the forkhead box N1 transcription factor at the nu locus on mouse chromosome 11 results in a hairless (nude) phenotype, abnormal T-cell differentiation, and an increased fungal burden with dissemination following intraperitoneal C. neoformans infection.
14 CBA/N XID mice that lack a late-maturing B-cell population due to a mutation of the X-linked Bruton agammaglobulinemia tyrosine kinase are also highly susceptible to intravenous C. neoformans challenge. 13 Conversely, the congenic C.B-17 mouse strain bearing the telomeric region of chromosome 12 from C57BL/Ka on a BALB/c background exhibited enhanced pulmonary clearance of C. neoformans following experimental intratracheal infection. 15 As the congenic segment of C.B-17 encodes the immunoglobulin heavy chain (IgH) locus, IgH-linked genes have been implicated in host resistance. Finally, a potential role for the histocompatibility complex (H-2) in murine susceptibility to intraperitoneal C. neoformans infection has also been reported using H-2 congenic mice. 16 Together, these reports clearly exemplify the genetic complexity of the host response to infection with C. neoformans.
In a protective immune response to pulmonary C. neoformans infection, resident alveolar macrophages represent a front line of host defense. 17 Activated macrophages phagocytose opsonized C. neoformans for antigen presentation and initiate an effective Th1 pattern of immune response through the secretion of proinflammatory cytokines such as tumor necrosis factor (TNF)-a. 18, 19 Generation of a protective Th1 response is also strongly promoted by interleukin (IL) -12, 20 IL-18, 21 interferon-g 20 and granulocyte monocyte colony stimulating factor. 22 In addition to mediating leukocyte recruitment, CC chemokines such as CCL2 23 and CCL3
24 also contribute to polarization of the adaptive immune response during C. neoformans infection. Both CD4 þ and CD8 þ T lymphocytes are required for effective cell-mediated immunity against C. neoformans. 14, 25, 26 In a rat model, local containment of cryptococcal growth is associated with granulomatous inflammation, although latent pulmonary infection may persist through the downregulation of both cellular and humoral responses. 27 Among inbred mice, the CBA/J strain has been shown to progressively clear an experimental C. neoformans lung infection, the BALB/c strain has an intermediate host resistance phenotype, and the C57BL/6J strain develops a progressive pneumonia associated with an almost 1000-fold greater organism burden. 28 Detailed analysis of susceptible C57BL/6J mice following experimental pulmonary infection has clearly demonstrated a Th2 pattern of adaptive immunity that contrasts with the Th1 response of resistant CBA/J mice. 14, [29] [30] [31] [32] Complex interactions of host and pathogen genomes with various environmental factors influence and determine the outcome of a microbial infection. 11 Genomewide linkage analysis by quantitative trait locus (QTL) mapping is an effective strategy that links host genomic variation to a quantitative trait that is influenced by the immune response (see review Peters et al. 33 ). On the basis of previous observations, we hypothesized that the naturally susceptible phenotype of C57BL/6J mice is associated with a defective innate immune response to C. neoformans, resulting in an ineffectual Th2 pattern of adaptive immunity that facilitates progressive pulmonary infection. As a first step to test this hypothesis, we conducted a genome-wide linkage analysis of a (CBA/J Â C57BL/6J) F2 population using lung fungal burden, measured as colony-forming units (CFUs), as the quantitative trait.
Results
Natural variation in host resistance to experimental C. neoformans intratracheal infection Genetic factors underlying host susceptibility to C. neoformans infection may be investigated by modeling inbred strain differences in pulmonary cryptococcal burden following experimental infection. Using a published technique, 28 male and female C57BL/6J and CBA/ J inbred mice were intratracheally infected with 10 4 CFU of C. neoformans 24067 to evaluate natural differences in host susceptibility (Figure 1a) . At 35 days after infection, C57BL/6J exhibited a significantly higher mean fungal burden (male C57BL/6J log 10 , CFU ¼ 6.67 ± 0.08; female C57BL/6J log 10 , CFU ¼ 6.64±0.07) than CBA/J mice (male CBA/J log 10 , CFU ¼ 4.36 ± 0.12; female CBA/J log 10 , CFU ¼ 4.28±0.11; post-test Tukey, Pp0.001). The observed fungal growth was similar to previous reports, and there was no significant difference between male and female mice of either strain. 28 As expected, periodic acid-Schiff (PAS) staining of C57BL/6J lungs 35 days after experimental infection demonstrated an allergic bronchopulmonary response characterized by heightened goblet cell metaplasia and airway epithelial mucus accumulation in association with abundant C. neoformans yeast (Figure 1b) . 34, 35 In comparison, CBA/J exhibited less apparent cryptococci, the absence of an allergic response and greater airway epithelial hypertrophy (Figure 1b) . Together, these observations validate our experimental C. neoformans infection model and directly confirm previous reports of an allergic Th2 phenotype among susceptible C57BL/6J mice that contrasts with the Th1-cell-mediated response of the resistant CBA/J strain.
Complex genetic control of pulmonary C. neoformans burden To investigate the mode of inheritance of resistance to progressive pulmonary cryptococcosis, inbred C57BL/6J and (CBA/J Â C57BL/6J) F1 (CBAB6F1) progeny were infected, as described above, and fungal growth was analyzed 35 days later ( Figure 2 ). CBAB6F1 mice demonstrated a mean fungal burden (male CBAB6F1 log 10 , CFU ¼ 3.92±0.21; female CBAB6F1 log 10 , CFU ¼ 3.45 ± 0.15) that was significantly lower than the control C57BL/6J parental strain (male C57BL/6J log 10 , CFU ¼ 6.57 ± 0.16; female C57BL/6J log 10 , CFU ¼ 6.64±0.15; post-test Tukey, Pp0.001). The fungal burden of the CBAB6F1 progeny was similar to the CBA/J parental strain, indicating that resistance in the CBAB6F1 progeny exhibits a dominant mode of inheritance. To investigate the genetic control of pulmonary cryptococcal burden, we intratracheally infected 413 (CBA/ J Â C57BL/6J) F2 (CBAB6F2) progeny with 10 4 CFU of C. neoformans 24067 and analyzed fungal growth 35 days later. A continuous distribution of fungal burden was observed among infected CBAB6F2 progeny that was indicative of complex genetic regulation ( Figure 3) . Notably, the mean fungal burden of the 210 male CBAB6F2 (log 10 , CFU ¼ 4.63±0.07) was significantly lower than the 203 female CBAB6F2 (log 10 , CFU ¼ 4.97±0.09; Mann-Whitney U-test, Pp0.001; Figure 3a ). In addition, the distribution of lung fungal burden among male and female CBAB6F2 animals was distinct (Figure 3b ), suggesting a difference in genetic architecture for host susceptibility between the two genders.
Quantitative trait locus analysis
The entire CBAB6F2 population was initially genotyped with 95 markers distributed across the genome at an average distance of 40 Mb (Supplementary Table 1 ). An additional 17 single nucleotide polymorphisms (SNPs) were subsequently genotyped on chromosomes 3, 6, 9 and 17 for further analysis of regions that were initially suggestive of linkage (logarithm of the odds (LOD) X2.0). 36 The observed sex difference in the distributions of fungal burden in the CBAB6F2 population prompted separate QTL analyses for the male and female CBAB6F2 mice. In addition, we observed the inheritance of parental alleles in a non-Mendelian ratio on chromosomes 1, 2, 6 and 17 in the male CBAB6F2 progeny and on chromosomes 1, 2, 4, 5, 7, 14 and 18 in the female CBAB6F2 progeny (Supplementary Table 2 ). Any inference that depends on the assumption of parental allele inheritance in a Mendelian ratio, including that for standard interval mapping techniques, may be seriously affected by deviation from the expected distribution. As marker regression (MR) does not rely on an assumption about frequency distribution allele, we used single-and two-locus MR on male and female datasets separately with genome-wide P-values estimated by resampling. Using these criteria, QTL mapping using MR on 203 female CBAB6F2 identified two significant QTL on chromosomes 3 and 17 ( Figure 4a ) and four loci with suggestive linkage on chromosomes 1, 6, 8 and 14, respectively, (Supplementary Table 3 ). The QTL on proximal chromosome 3, designated C. neoformans susceptibility locus 1 (Cnes1), had a peak LOD score of 4.09 (P ¼ 0.011, 8.9% variance) and the QTL located on proximal chromosome 17, designated Cnes2, had a significant peak LOD score of 7.30 (Po0.0001, 15.9% variance). MR mapping of male CBAB6F2 progeny identified significant linkage to a chromosome 17 locus, designated Cnes3 (LOD ¼ 4.04, P ¼ 0.010, 8.6% variance, Figure 4b ) as well as suggestive linkage to chromosomes 6, 8 and 9 (Supplementary Table 3 ). Importantly, the peak LOD score position of the Cnes2 is located 31.71 cM proximal to that of Cnes3 and the two LOD intervals for these two loci do not overlap, suggesting that unique chromosome 17 QTLs exist in males and females ( Figure 5 ). 37 Given that our single locus analysis identified several QTLs influencing pulmonary cryptococcal burden (Table 1) , and the fact that gene-gene interactions often influence complex traits, 38 we investigated whether epistatic interactions were detectable in our experimental model (Table 2) . Genome-wide pair-wise analysis within females demonstrated three significant interactions between SNP markers. In the female CBAB6F2, interaction between Cnes2 (17-013493244-M) and marker 08-092730657-N explained 26.5% (LOD ¼ 12.80, Po0.0001) of the total phenotypic variance. Pair-wise interaction between marker 03-051281956-M and 09-076920055-M, and pair-wise interaction between marker 06-017592278-N and 12-006490502-M in female CBABF2 explained 15.6% (LOD ¼ 7.23, P ¼ 0.001) and 13.0% (LOD ¼ 5.82, Figure 2 Mode of inheritance of resistance to experimental infection with Cryptococcus neoformans 24067 among CBAB6F1 progeny. CBAB6F1 progeny and parental C57BL/6J (n X8) of both sexes were intratracheally infected with 10 4 colony-forming unit (CFU) of C. neoformans 24067. Lungs were harvested at 35 days postinfection and CFU were determined. ***Pp0.001 both sexes, C57BL/6J vs CBA/J (post-test Tukey). P ¼ 0.006) of the total phenotypic variance, respectively. Within the male CBAB6F2, one significant interaction was observed between Cnes3 (17-067130590-M) and marker 03-051281956-M that explained 19.5% (LOD ¼ 9.84, Po0.0001) of the total phenotypic variance. To incorporate the three individual pair-wise locus interaction effects among the female CBAB6F2 into a parsimonious model, the most significant QTL (Cnes2) was modeled with the sequential addition of the interacting pairs according to their maximum contribution to the phenotypic variance. A final parsimonious model consisting of three pairs of interacting loci was proposed that explained 43.8% of the total phenotypic variance in the female CBAB6F2 progeny (Table 3) . Collectively, a sex difference in genetic architecture was determined for susceptibility to experimental cryptococcal pneumonia.
Discussion
QTL linkage analysis in mice has identified genetic loci contributing to susceptibility to various fungal pathogens including Histoplasma capsulatum, 12,28 Utilizing a direct intratracheal method for administration of C. neoformans 24067 that models human infection, we have confirmed the divergent host response of the C57BL/6J and CBA/J inbred strains and have used this as a basis for genomewide analysis of QTLs that influence lung fungal burden in a large population of segregating CBAB6F2 animals. In the parental inbred strains, we did not observe a differential effect of sex on cryptococcal pulmonary burden, a finding that is consistent with a previous report in which male and female outbred mice had similar fungal burdens following intravenous infection with C. neoformans 24067.
42
CBABF1 progeny demonstrated a fully dominant mode of inheritance such that all F1 possessed a low fungal burden, regardless of sex, following experimental infection. The greater phenotypic variation and lower fungal burden observed in the F1 progeny in comparison to the resistant CBA/J parental strain was not entirely unexpected, as heterosis is commonly seen upon crossing phenotypically divergent inbred strains and is most likely due to the absence of deleterious recessive homozygous genotypes. 43 Infection of a large CBAB6F2 population revealed a sex difference in pulmonary fungal burden that was not observed in the parental strains, with male CBAB6F2 having a lower mean CFU/ lung and a distinct phenotypic distribution compared to female CBAB6F2. Various experimental models of infection are influenced by the sex of the host. [44] [45] [46] [47] [48] It has been suggested that this influence on immunity may, in part, be due to inherent physiological differences between males and females or the different levels and actions of sex hormones. 49 A sex difference in susceptibility to an infectious agent unique to the F2 population derived from phenotypically divergent inbred strains has been Figure 4 Sex-stratified marker regression scan of complete CBAB6F2 population. Logarithm of odds (LOD) score plots for separate genomewide marker regression scans on 203 female (a) and 210 male (b) CBAB6F2 progeny using R and R/qtl. Each gender was analyzed with log 10 colony-forming unit (CFU)/lung as a quantitative trait. The dashed line indicates a genome-wide significance threshold of Pp0.05, based on 10 000 random permutations of the dataset.
Genetic control of cryptococcal pneumonia
SF Carroll et al previously reported. 50, 51 The existence of authentic sexspecific QTLs in an F2 intercross is also supported by previous observations of sex-specific gene expression 52 or the presence of genetic epistasis with the male Y chromosome. 53 On the basis of knowledge that segregating male and female mice respond differently to experimental infection, we prospectively chose to carry out a separate QTL linkage analysis for each sex. Although analyzing males and females separately may result in a reduction of power to detect QTLs of small effect, in our study a sufficient number of CBAB6F2 mice (210 males, 203 females) was available to plausibly detect a QTL that explains 5% or more of the total phenotypic variance. 55 A principal advantage of this sex-stratified analysis is a more accurate description of the influence of sex on a phenotypic trait than would have been obtained through the alternative approach of modeling sex as a covariate.
Interval mapping (IM) is generally considered the most powerful method for estimating the effect and location of QTLs 55 and relies on the presence of Mendelian segregation of alleles at any given marker. In our CBAB6F2 population, deviation of inherited allele frequencies from the expected Mendelian ratio at several chromosomal locations raised potential concerns about the accuracy of IM; therefore, we chose to use the Determined by 10 000 permutations of the dataset using the program R and R/qtl.
alternative method of MR for linkage mapping. With sufficient marker density and few missing genotypes, MR uses analysis of variance to identify regions of the genome influencing a trait by comparing the phenotypic distribution at each genotyped marker independently of the genotypic ratios found in the segregating population. 55, 56 Completion of a separate genome-wide MR scan for each sex led to the identification of two significant QTLs (Cnes1 and Cnes2) that are associated with high pulmonary C. neoformans burden in female CBAB6F2 and one significant QTL (Cnes3) on chromosome 17 that is associated with high fungal pulmonary burden in male CBAB6F2.
Four significant QTL interactions that were associated with increased pulmonary fungal burden were identified through a genome-wide pair-wise analysis in each sex of the CBAB6F2 population. In female CBAB6F2 mice, the strongest interaction between Cnes2 (17-013493244-M) and marker 08-092730657-N explained 26.5% of the total phenotypic variance; the two other significant interactions occurred between markers that were not otherwise linked to significant QTLs and explained 15.6 and 13.0% of the total phenotypic variance. We did not compute the P-values by resampling for the model consisting of three pairs of interacting loci as, under the null hypothesis, the high dimensionality of this model relative to the female sample size caused different multilocus genotypes obtained by permutation to be absent in the resampled observation, which repeatedly changed the rank of the design matrix for consecutive samples. Nevertheless, when we computed the partial Z 2 and total variance explained for each pair of interacting loci, as well as the full model with the three interacting loci, we observed an approximately additive contribution. Therefore, we propose that the P-values obtained in the two-locus analysis of each interacting pair of loci are indicative of the significance for the full model of three interacting pairs of loci within the female CBAB6F2 and explain 43.8% of the total variance. Modeling within the male CBAB6F2 identified one significant interaction between Cnes3 (17-067130590-M) and marker 03-051281956-M that explained 19.5% of the total phenotypic variance.
Although not linked to a significant QTL, the fact that the marker 03-051281956-M was found to have a significant statistical epistatic interaction in both the female CBAB6F2 and the male CBAB6F2 populations is supportive of a biological influence of the chromosome 3 region surrounding this SNP on susceptibility to high C. neoformans pulmonary burden.
The H-2 histocompatibility region of the mouse is located proximally on chromosome 17 from the gene Kifc1 (26.64 Mb) to H2-M2 (37.09 Mb). 57 In addition to encoding proteins critical for antigen presentation to T cells, this region contains various immunity-related genes such as the complement cascade components C4a, C4b and C2, and the cytokines Tnf and Lta. This genomic region has been associated with susceptibility to various models of pulmonary infection including Chlamydia pneumoniae 58, 59 and Mycobacterium tuberculosis.
60,61
One previous report of female H-2 congenic C57BL/10 strains bearing the H-2 k/k haplotype also demonstrated an increased cryptococcal burden in the liver 39 days following infection. 12, 16 In the current study, segregation of the H-2 k/k (CBA/J) and C57BL/6J (H-2 b/b ) haplotypes was observed in our CBAB6F2 intercross population and the peak LOD score positions of the Cnes2 and Cnes3 lie proximal and distal to the H-2 region of chromosome 17, respectively. Delineation of the two LOD support interval for both Cnes2 (6.95-33.94 Mb) and Cnes3 haplotype (33.6 Mb) cannot be formally dismissed as it lies just within the two LOD support interval of the female-specific Cnes2 QTL (6.95-33.94 Mb). Nevertheless, an important observation in our study that appears to contrast with the previous report implicating H-2 k/k as a susceptibility factor is that the inheritance of CBA/J alleles at Cnes2 was associated with a low fungal burden. The reasons for this difference are not known but may be explicable by several important variations in experimental design including the route of infection, site of organ involvement and C. neoformans strain. Further experiments such as intratracheal infection of male and female H-2 k/k congenic mice on a susceptible genetic background with C. neoformans 24067 Genetic control of cryptococcal pneumonia SF Carroll et al will be necessary to clarify the role of this locus in susceptibility to experimental cryptococcal pneumonia.
In conclusion, we have reported the first genome-wide linkage study of mouse susceptibility to C. neoformans pneumonia and have demonstrated that the host pulmonary fungal burden is under complex genetic control. The single locus and pair-wise interactions that were identified in this study differ between male and female populations. Future fine mapping and candidate gene approaches will facilitate the identification of the specific nucleotide sequences at these loci that influence the host response to pulmonary cryptococcal infection.
Materials and methods
Animals and segregation analysis Inbred mice were obtained from Harlan Laboratories (Indianapolis, IN, USA) or bred in our specific pathogenfree (SPF) facility. CBAB6F1 and CBAB6F2 were bred and maintained in our SPF facility. All animals were maintained in compliance with the Canadian Council on Animal Care, as approved by McGill University.
C. neoformans culture C. neoformans 24067 (ATCC no. 24067, Manassas, VA, USA) was grown and maintained on Sabouraud dextrose agar (SDA; BD, Becton Dickinson and Company, Sparks, MD, USA). To prepare an infectious dose, a single colony was suspended in Sabouraud dextrose broth (BD, Becton Dickinson and Company) and grown to early stationary phase (48 h) at room temperature on a rotator. The stationary culture was then washed with sterile phosphate-buffered saline (PBS), counted on a hemacytometer and diluted to 2 Â 10 5 CFU per ml in sterile PBS. The fungal concentration of the experimental dose was confirmed before and after infection by plating a dilution on SDA and counting the CFU following 72 h of incubation at room temperature.
Intratracheal administration of C. neoformans Mice were infected intratracheally at 7 weeks of age as described elsewhere. 28 Briefly, mice were anesthetized by intraperitoneal injection of ketamine (15 mg kg
À1
; Ayerst Veterinary Laboratories, Guelph, Ontario, Canada) and xylazine (125 mg kg À1 ; Bayer Inc., Pittsburgh, PA, USA) and a small skin incision was made over the trachea. Subsequently, 50 ml of 2 Â 10 5 CFU per ml of C. neoformans (10 4 CFU) was administered by insertion of a 22-gauge catheter into the trachea. The incision was closed using the 9 mm EZ Clip wound closing kit (Stoelting, Wood Dale, IL, USA) and the mice were allowed to recover under a heat lamp. No visible signs of distress or trauma were observed.
Lung isolation and CFU assay At 5 weeks following infection, mice were killed by anesthetic overdose and the lungs were excised and placed in 2 ml of sterile PBS on ice. Lungs were then weighed and homogenized using a glass tube and pestle with a tissue homogenizer (Glas-Col, Terre Haute, IN, USA) at 333 r.p.m. Each lung homogenate underwent serial 10-fold dilutions in sterile PBS followed by duplicate plating on SDA plates and incubation at 37 1C. C. neoformans CFU were counted on the plates 72 h later. To confirm the sterility of both the infection and lung excision procedures, each homogenate was also plated on Columbia blood agar for the detection of a broad spectrum of contaminating microorganisms.
Lung histology
Lungs were inflated to a fixed pressure of 25 cm H 2 O with 10% buffered formalin acetate (Fischer scientific, Fair Lawn, NJ, USA), embedded in paraffin, sectioned at 5 mm, and stained with PAS. Slide images were captured with CoolSNAP-Pro cf Digital Capture Kit (Media Cybernetics, Bethesda, MD, USA) using an Olympus BX51 light microscope (Olympus Canada Inc., Markham, Ontario, Canada).
Genotyping and QTL analysis DNA was collected from parental strains and F2 progeny using the DNeasy Tissue Kit (Qiagen, Mississauga, Ontario, Canada). A total of 95 informative SNPs for the C57BL/6J and CBA/J parental strains were chosen from the Jackson Laboratories 1638 SNP panel and used for genotyping of all 413 CBAB6F2 mice (210 male, 203 female). The maximum distance between adjacent SNPs was approximately 40 Mb. To increase the resolution of individual QTLs, 17 additional SNPs were typed on chromosomes 3, 6, 9 and 17 (Supplementary Table 1) . Genotyping was carried out by KBioscience (Hoddesdon, UK). QTL analysis was done using the package R/qtl in the statistical software R. 62 A single QTL genome scan was performed on males (210) and females (203) separately using MR mapping due to allele inheritance in a non-Mendelian ratio on several chromosomes (Supplementary Table 2 ). This approach assumes the presence of a single QTL with a phenotype following a normal distribution. Genome-wide significance of a QTL was determined by 10 000 random permutations. 36 Genome-wide two-locus analysis was completed separately on male and female CBAB6F2 mice by performing a two-dimensional genome scan and calculating a LOD score for both the full and additive model for all pairwise combinations of SNPs. Partial Z 2 (or the proportion of variation explained, in the case of the full model), was defined as (SSfactor)/(SSfactor þ SSerror) where SSfactor is the type-3 sum of squares attributable to the term under consideration and SSerror is the sum of squares associated to the experimental error.
Statistical analysis
All fungal burden data are expressed as the mean ± s.e. of the mean unless otherwise indicated. For single comparisons, statistical significance was determined using the Mann-Whitney U-test. For multiple comparisons, statistical significance was determined by a oneway analysis of variance with post-test comparisons using the Tukey's test. LOD scores were computed with R/qtl and their associated P-values were estimated by permutation with 10 000 random resamples. 
